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ABSTRACT
We report on the first 1,432 sources observed using the Atacama Large Millimeter/submillimeter Array
(ALMA), from the Bulge Asymmetries and Dynamical Evolution (BAaDE) survey, which aims to obtain tens
of thousands of line-of-sight velocities from SiO masers in Asymptotic Giant Branch (AGB) stars in the Milky
Way. A 71% detection rate of 86 GHz SiO masers is obtained from the infrared color-selected sample, and
increases to 80% when considering the likely oxygen-rich stars using Midcourse Space Experiment (MSX) col-
ors isolated in a region where [D]− [E] ≤ 1.38. Based on Galactic distributions, the presence of extended CS
emission, and likely kinematic associations, the population of sources with [D]− [E] > 1.38 probably consists
of young stellar objects, or alternatively, planetary nebulae. For the SiO detections we examined whether indi-
vidual SiO transitions provide comparable stellar line-of-sight velocities, and found that any SiO transition is
suitable for determining a stellar AGB line-of-sight velocity. Finally, we discuss the relative SiO detection rates
and line strengths in the context of current pumping models.
Keywords: masers — stars: infrared — stars: late-type — radio lines: stars — surveys — Galaxy: center —
Galaxy: kinematics and dynamics
1. INTRODUCTION
The Bulge Asymmetries and Dynamical Evolution (BAaDE)
survey aims to improve our understanding of the structure of
the inner Galaxy and Galactic Bulge (L. O. Sjouwerman et
al. 2019, in preparation). By using line-of-sight velocities of
SiO maser emission from red giant stars, these stars act as
point-like probes of the Galactic gravitational potential.
Interstellar extinction greatly reduces the extent of the
Milky Way that surveys utilizing stellar or compact probes
can reach, in turn necessitating piecemeal approaches to
model the spiral arms and Galactic bulge. Since the spiral
arms span large ranges of Galactic longitude, to constrain the
Galactic structure models, multiple surveys must be used, of-
ten with their own limitations. Gas emission has been much
more successful in uniformly mapping larger regions of the
Milky Way(e.g. the CO(1− 0) survey by Dame et al. 2001);
however, gas and stellar probes may lead to differences in
∗ Y. M. Pihlström is also an Adjunct Astronomer at the National Radio
Astronomy Observatory.
the measured gravitational potential. Thus a large and uni-
form stellar survey is required to complement the large scale
gas surveys.
Infrared Astronomical Satellite (IRAS) two-color dia-
grams have successfully differentiated between oxygen- and
carbon-rich, evolved Asymptotic Giant Branch (AGB) pop-
ulations, while also distinguishing between less evolved ob-
jects with thinner envelopes (Miras and semi-regular vari-
ables) and the thicker envelopes associated with OH/IR stars
(van der Veen & Habing 1988). However, the 1′ angular reso-
lution of IRAS leads to confusion close to the Galactic plane,
limiting its usefulness for source selection in regions clos-
est to the Milky Way’s disk. Midcourse Space Experiment
(MSX) has an 18′′ point spread function, thus it does not suf-
fer from the same level of source confusion throughout the
Galactic plane as IRAS. Differentiating between these nu-
merous populations is more difficult with MSX mid-infrared
colors, as the longest wavelength band is only 21.3µm, com-
pared to the longer 60µm band of IRAS. However, substan-
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tial progress has been made supplementing MSX colors with
data in the near-infrared (see Section 4.1.1).
The BAaDE survey assumes sampling of an oxygen-rich,
Mira-dominated population since it is associated with region
iiia of the MSX two-color diagram, thus consisting of stars
with thin circumstellar shells providing conditions favorable
for SiO maser emission (Sjouwerman et al. 2009). Addi-
tionally, both radiative and collisional excitation models sug-
gest that SiO maser emission forms in the shells around thin-
shelled AGB stars, with the maser emission radiating tangen-
tial to the shell surface. The expected ring-like structure of
the maser emission regions has been confirmed by Very Long
Baseline Interferometry (VLBI) observations (e.g. Miyoshi
et al. 1994; Desmurs et al. 2000; Diamond & Kemball 2003),
and demonstrates that SiO maser emission is usually an ac-
curate tracer of the stellar line-of-sight velocity. Jewell et
al. (1991) found no systematic red- or blue-shifting of the
SiO v=1 emission velocity compared to the velocities estab-
lished by thermal CO and OH emission, further validating
the strength of SiO maser emission as a stellar line-of-sight
velocity tracer.
The full BAaDE sample consists of 28,062 sources se-
lected by MSX colors. All sources were selected from ver-
sion 2.3 of the MSX point source catalog (Egan et al. 2003)
that coincide with MSX color region iiia (Sjouwerman et al.
2009). The MSX A, C, D and E bands are centered on wave-
lengths of 8.28, 12.13, 14.65 and 21.34µm, respectively1.
MSX iiia color boundaries are given by −0.6 ≤ [A]− [D] ≤
+0.4, or −0.7 ≤ [A] − [E] ≤ +0.4 or −0.75 ≤ [C] − [E] ≤
+0.1. The MSX [A]–[D], [A]–[E], and [C]–[E] color selec-
tions correspond to 27,130 candidates, 563 candidates, and
369 candidates, respectively. The majority (18,988) of the
BAaDE sources have been surveyed with the Karl G. Jan-
sky Very Large Array (VLA) using the 43 GHz (J=1–0) ro-
tational transitions of SiO. The VLA cannot observe 9,074
BAaDE sources (32% of the full sample) since they are lo-
cated at declinations below −35◦. This low-declination sam-
ple at −110◦ < l < −5◦ contains regions of the Galactic bar
furthest from us. Some symmetry along the Galactic bar and
the spiral structure may be assumed when modeling the struc-
ture of the Galactic plane, however, filling in this region with
data from stellar objects using ALMA is essential for metic-
ulous testing of the structure of the Milky Way when com-
bined with the larger BAaDE sample observed with the VLA.
Since ALMA cannot observe the 43 GHz frequencies asso-
ciated with J=1–0 SiO maser transitions, the ALMA sample
1 Henceforth, A, C, D & E will refer to the MSX bands, while [A], [C],
[D] & [E] will refer to the zero-magnitude corrected magnitudes for the
respective band. For example [D]− [E] refers to the difference between the
zero-magnitude corrected magnitudes of the D & E MSX bands.
Table 1. ALMA spectral window configuration
Central Channel Number Potential
Spectral Frequency Width of Lines
Window (MHz) (km/s) Channels Covered
2A 85 646.6055 0.855 1920 SiO v=2, 29SiO v=0
1 86 249.6630 0.848 3840 SiO v=1, H13CN
2B 86 853.2095 0.843 1920 SiO v=0, H13CO+
3 97 988.0684 0.747 3840 CS
NOTE—The channel width is calculated at the central frequency in each spec-
tral window.
Figure 1. Spectral windows for BAaDE ALMA observations. The
black lines represent the rest frequency of each transition, with the
gray regions representing a ±400 km s−1 range surrounding each
rest frequency.
is instead surveyed in the J=2–1 rotational transitions at 86
GHz.
Section 2 describes the observations and spectral line de-
tection algorithm. Section 3 summarizes the line detection
results. Section 4 discusses the CS emission population, how
the majority of CS emitters are likely not associated with late-
type AGB stars, and how they can be filtered out of the sur-
vey. Finally, Section 5 discusses general trends of the 86 GHz
SiO masers and how they relate to pumping models.
2. OBSERVATIONS AND DATA ANALYSIS
This paper reports on the 1432 sources observed during
ALMA Cycles 2, 3 and 5 (June 2014 through September
2018). To minimize slewing overhead and enable efficient
phase calibration, the sources were grouped based on their
angular separation.
2.1. Observations
The ALMA spectral setup in Band 3 is described in Table
1 and in Figure 1. The main objective was to cover the SiO
THE BAADE SURVEY AT 86 GHZ USING ALMA 3
v=0, 1 & 2 transitions, which also allowed coverage of the
29SiO v=0 isotopologue transition. Unless otherwise noted,
the SiO transitions refer to the 86 GHz J=2–1 transitions.
Additionally, SiO refers to the 28SiO transitions and we will
specifically reference 29SiO when discussing isotopologue
transitions. With the aim of deriving velocities from sources
that instead may belong to a carbon-rich population, an ad-
ditional baseband was placed on the CS (J=2–1) transition
at 98 GHz, which has been observed, for example, in the
carbon-rich archetype IRC+10216 (Henkel et al. 1985). Sev-
eral other transitions from carbon-bearing molecules can be
found within our setup, most notably H13CN and H13CO+.
The width of the primary beam was ≈1′. Each channel has a
width of 244.141 kHz.
In total, 184, 1155 and 93 sources were observed during
ALMA Cycles 2, 3 and 5, respectively. Cycle 2 observa-
tions occurred between January 17th and January 19th, 2015,
with a final observing run on April 13th, 2015. Cycle 3 ob-
servations occurred between December 27th, 2015 and Jan-
uary 21st, 2016, and Cycle 5 observations were performed
on January 28th, 2018. A few runs were interrupted and/or
re-observed in order to meet ALMA quality standards. In the
case of multiple observations, results are reported for the last
time a source was observed, with the exception of 16 sources
where an earlier observing run resulted in additional line de-
tections.
As the ALMA Cycles had differing numbers of avail-
able antennas, for each cycle, the time on target per source
was planned to produce an equivalent rms sensitivity of 15
mJy/beam/channel. For the three cycles, an average rms sen-
sitivity of 14 mJy/beam/channel was obtained. Phase cali-
brators were observed with a cadence of approximately 10
minutes.
2.2. Calibration
The BAaDE ALMA calibration pipeline is based on the
VLA calibration pipeline developed for the BAaDE survey,
see L. O. Sjouwerman et al. (2019, in preparation). However,
instead of using the Astronomical Image Processing System
(AIPS, Greisen 2003), we use the Common Astronomy Soft-
ware Applications (CASA, McMullin et al. 2007) package.
The pipeline produces spectra for sources assumed to be at
the phase center of each pointing, and the resulting signal-to-
noise ratio (SNR) of a detection is therefore dependent on the
accuracy of the source positions. The BAaDE sample was se-
lected from the MSX catalog with 1-2′′ positional accuracy
within an 18′′ beam, hence given the ALMA synthesized
beam (≈ 3′′) more precise source positions could increase
the detection rate. Especially for weaker sources, a 2′′ po-
sitional error could result in a non-detection in the pipeline.
In the future, full imaging of the fields will be performed
to find weak emission offset from the phase center, but that
will require significantly more computer and time resources
than currently available. Pihlström et al. (2018) found that
for known 43 GHz SiO masers, only a 0.′′12 mean offset ex-
ists between the derived VLA and 2MASS positions. Since
2MASS associations exist for 96% of the BAaDE survey, in
order to increase our detection rate, if a 2MASS association
existed for a BAaDE source, the phase center was shifted to
the 2MASS position using the task fixvis. The phase center
was adjusted before any standard calibration was performed.
Because the ALMA calibrator catalog lists 91.46 and
103.49 GHz flux densities of QSO B1424–41, QSO B1921–
293, and PKS 1613–586 at regular intervals, these quasars
were used for flux and bandpass calibration. For flux cal-
ibration in our two main observing bands at 86 GHz and
98 GHz, a first order spectral slope was calculated using
calibrator measurements taken on the date nearest to our
observations on which both 91.46 and 103.49 GHz were
available in the ALMA calibrator database. Most observ-
ing runs had such calibrator information available within
7 days of the observations, with a maximum offset of 16
days. 91.46 GHz was used as the reference frequency for
the extrapolation. Our flux calibration, which relied upon
the ALMA calibrator catalog, differed by less than 5% from
flux calibration using resolved solar system objects and the
’Butler-JPL-Horizons 2012’ standard (Butler 2012). Phase
calibration was performed using PKS 1613–586, PKS 1714–
336, or PMN J1650–5044.
2.3. Line Detections
In the pipeline, a line is considered to be a detection de-
pending on the SNR. First, an initial rms noise was calculated
individually for each spectral window. In order to remove the
influence of spectral lines on the noise calculations, spectral
regions exceeding 8 times the initial rms noise were removed
first. A robust rms noise was calculated from the remaining
regions of the spectrum.
Single line detections were required to have an SNR above
5σ. Multiple line detections could be made down to a 4.5σ
level, if the velocities from each line agreed within 30 km s−1.
This large velocity range was adopted to address the large
86 GHz v=1 emission extents of supergiants by McIntosh
& Indermuehle (2015). In the discussion on line velocity
offsets in Section 4.2, the SiO line-peak velocities are in
much closer agreement than this 30 km s−1 allowance. How-
ever, the sources with both SiO and carbon-bearing molecu-
lar transitions can have line-peak velocities in disagreement
by ≈ 20 km s−1 (see Section 4.1.5). The line finding algo-
rithm selects only the highest SNR peak for a given transition
by filtering out secondary emission peaks and/or broad line
structure within 30 km s−1 of a brighter detected line.
For each source with one or more detections, the bright-
est channel with a line detection was subsequently used
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for phase-only self-calibration. For all successful self-
calibrations, the phase corrections were applied to all four
spectral windows. The self-calibration worked well for the
SiO detections, but always failed when a CS line was used.
Possibly this is due to the extended nature of most CS emis-
sion for non-stellar sources (see Section 4.1).
Ideally, the self-calibration solutions should be transferred
to neighboring source scans, thereby improving the phase
calibration for weak sources and hence also the detection
rate. Indeed, this is an important part of the calibration strat-
egy for the VLA observations where phase calibrators typi-
cally are not readily available (L. O. Sjouwerman et al. 2019,
in preparation). This type of phase-transfer is not possible
in CASA at this time, but as ALMA automatically includes
frequent calibrator scans, and 2MASS positions are used, a
high detection rate was still achieved. After applying the self-
calibration corrections, the final set of spectra was produced,
along with a list of detections based on the SNR requirements
outlined above.
Table 2. 86 GHz BAaDE source detections
BAaDE Observing Date R.A. Declination Position S(SiO v=0) S(SiO v=1) S(SiO v=2) S(29SiO v=0) S(H13CN) S(H13CO+) S(CS)
Source (YYYY-MM-DD) (J2000) (J2000) Catalog (Jy/channel) (Jy/channel) (Jy/channel) (Jy/channel) (Jy/channel) (Jy/channel) (Jy/channel)
ad3a-22252 2015-01-17 16 : 00 : 11.163 −53 : 47 : 11.96 2MASS < 0.062 0.123± 0.013 < 0.066 < 0.066 < 0.066 < 0.062 < 0.077
ad3a-22234 2015-01-17 16 : 00 : 13.619 −53 : 50 : 41.36 2MASS < 0.066 0.649± 0.013 < 0.071 < 0.071 < 0.066 < 0.066 < 0.081
ad3a-22435 2015-01-19 16 : 00 : 17.943 −53 : 04 : 28.71 2MASS < 0.060 0.148± 0.013 < 0.064 < 0.064 < 0.063 < 0.060 < 0.077
ad3a-22575 2015-01-18 16 : 00 : 19.705 −52 : 31 : 51.83 2MASS < 0.058 < 0.060 < 0.064 < 0.064 < 0.060 < 0.058 < 0.075
ad3a-22906 2015-01-19 16 : 00 : 21.013 −51 : 14 : 53.85 2MASS < 0.063 0.354± 0.013 < 0.068 < 0.068 < 0.066 < 0.063 < 0.079
ad3a-22600 2015-01-18 16 : 00 : 22.488 −52 : 24 : 37.22 2MASS < 0.059 < 0.061 < 0.062 < 0.062 0.062± 0.012 0.129± 0.012 0.570± 0.015
ad3a-22398 2015-01-19 16 : 00 : 29.088 −53 : 11 : 41.35 2MASS < 0.062 2.283± 0.013 < 0.066 < 0.066 < 0.064 < 0.062 < 0.077
ad3a-22823 2015-01-19 16 : 00 : 30.879 −51 : 34 : 33.93 2MASS < 0.065 0.360± 0.014 < 0.071 < 0.071 < 0.068 < 0.065 < 0.078
ad3a-22468 2015-01-19 16 : 00 : 35.453 −52 : 57 : 49.69 2MASS < 0.061 1.341± 0.012 < 0.065 < 0.065 < 0.062 < 0.061 < 0.076
ad3a-22215 2015-01-17 16 : 00 : 38.881 −53 : 55 : 21.66 2MASS < 0.064 0.168± 0.013 < 0.065 < 0.065 < 0.065 < 0.064 < 0.078
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NOTE— Upper limits are reported at the 5σ level across a single 244.141 kHz channel; however, in the line detection algorithm, a 4.5σ threshold was used if at least one other line
was detected. The fifth column states whether the position in columns 3 and 4 is the 2MASS- or MSX-associated position. Table 2 can be found in its entirety in a machine-readable
format.
Table 3. 86 GHz BAaDE line-peak line-of-sight velocities
BAaDE l b v(SiO v=0) v(SiO v=1) v(SiO v=2) v(29SiO v=0) v(H13CN) v(H13CO+) v(CS) 〈vSiO〉 〈vC〉
Source (◦) (◦) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
ad3a-22252 −31.383 523 −0.605 114 · · · −81.9 · · · · · · · · · · · · · · · −81.9 · · ·
ad3a-22234 −31.416 932 −0.653 113 · · · −87.0 · · · · · · · · · · · · · · · −87.0 · · ·
ad3a-22435 −30.905 795 −0.076 880 · · · −86.1 · · · · · · · · · · · · · · · −86.1 · · ·
ad3a-22906 −29.706 616 1.300 734 · · · −99.6 · · · · · · · · · · · · · · · −99.6 · · ·
ad3a-22600 −30.463 140 0.418 588 · · · · · · · · · · · · −105.9 −105.2 −105.7 · · · −105.6
ad3a-22398 −30.963 234 −0.186 057 · · · −32.7 · · · · · · · · · · · · · · · −32.7 · · ·
ad3a-22823 −29.901 525 1.035 900 · · · −80.2 · · · · · · · · · · · · · · · −80.2 · · ·
ad3a-22468 −30.800 139 −0.021 670 · · · −73.3 · · · · · · · · · · · · · · · −73.3 · · ·
ad3a-22215 −31.420 864 −0.752 594 · · · −76.0 · · · · · · · · · · · · · · · −76.0 · · ·
ad3a-22267 −31.276 270 −0.613 094 · · · −62.3 · · · · · · · · · · · · · · · −62.3 · · ·
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NOTE— 〈vSiO〉 is the simple average of the velocities from each SiO detected line. 〈vC〉 is the simple average of the CS, H13CN and H13CO+ detected lines. All velocities are calculated
in the LSRK reference frame. Table 3 can be found in its entirety in a machine-readable format.
3. RESULTS For each source, the line-peak brightness, S, or upper
limit for each transition is listed in Table 2. We note that
SiO masers are variable, so the SiO maser brightnesses
THE BAADE SURVEY AT 86 GHZ USING ALMA 5
Table 4. ALMA detection rates
Rest Frequency Number of Detection
Line Name (MHz) Detections Rate
SiO (J=2–1) v=2 85 640.452 57 4.0%
29SiO (J=2–1) v=0 85 759.188 75 5.2%
SiO (J=2–1) v=1 86 243.370 1020 71.2%
SiO (J=2–1) v=0 86 846.995 87 6.1%
H13CN (J=1–0) v=0 86 339.920 12 0.8%
H13CO+ (J=1–0) 86 754.290 14 1.0%
CS (J=2–1) 97 980.950 50 3.5%
Continuum emission N/A 4 0.3%
are only indicative. Table 3 lists the corresponding line-
peak velocities. Two example SiO maser spectra from the
ALMA BAaDE survey are presented in Figure 2. A complete
list of spectra are available at the BAaDE survey’s website
www.phys.unm.edu/∼baade. Section 3.1 summarizes the de-
tection rates and trends. Section 3.2 discusses the fields con-
taining continuum emission.
3.1. Detection Rates
The detection rates for the seven main transitions in our
frequency coverage are listed in Table 4. Our primary lines,
SiO v=1 and CS, were detected in 1020 and 50 sources, re-
spectively. Three targets show emission in both lines and are
discussed in Section 4.1.5.
The Venn diagrams in Figure 3 illustrate how often differ-
ent transitions are co-detected. In addition to the maser line
trends, 83 of the 87 sources with SiO v=0 emission (likely
thermal) had SiO v=1 emission, while 5 out of the 87 stars
with SiO v=0 emission instead show CS emission. Thus one
source, ad3a-26358, had SiO v=0, v=1 and CS emission and
is a possibly associated with OH 349.39-0.01 (Caswell et al.
1981). Out of the 87 sources with SiO v=0 emission, 10 and
26 had SiO v=2 and 29SiO v=0 emission, respectively. CS
emission was present for all sources with H13CN or H13CO+
emission.
Figure 4 shows where our observed and detected sources
reside in the Galactic plane. Overall detection rates are con-
sistent across Galactic longitude and latitude; however, while
the CS detection rate is consistent across Galactic longitudes,
they are only found very close to the Galactic plane, |b|. 1◦.
The nature of these CS emitters is discussed in section 4.1.
3.2. Continuum field sources
Miras and supergiants can be observed as radio photo-
spheres with continuum flux densities of a few mJy/beam for
stars within a distance of . 200 pc (Reid & Menten 1997),
thus radio continuum emission is not expected to be detected
for stars in our observations; however, continuum emission
was found in four ALMA observed BAaDE fields. In order
to better understand the nature of these sources, and to de-
termine whether the continuum emission may be associated
with the BAaDE sources, the fields were imaged.
To image these fields, CASA’s task tclean was used
with the Högbom clean deconvolver, Briggs weighting, and
Briggs robustness parameter 0.5 (equivalent to robust=0.0 in
AIPS). The synthesized beam of the spectral window imaged
at 86.25 GHz consisting of 3840 channels was approximately
3′′×2′′.
The resulting field images (Figure 5) show that the con-
tinuum emission in all cases is located more than 30′′ from
the BAaDE source positions, and is not associated with the
targeted BAaDE sources. The mapped continuum positions
were found to be closely associated with known sources, in-
cluding HII regions and Young Stellar Objects (YSO) and are
detailed in Table 5. In the spectral datacubes, neither CS nor
SiO emission was found at the associated 2MASS positions
for the BAaDE sources in fields showing continuum sources.
Thus these sources are treated as non-detections in the fol-
lowing sections.
4. DISCUSSION
The primary goal of this survey is to obtain line-of-sight
velocities for evolved stars in order to map the gravitational
potential and structure of the Galactic bulge and plane. To en-
sure any velocity distributions and kinematical associations
are correctly interpreted, it is important to characterize the
observed sample and the detections. First, in investigating
whether the CS line would be as efficient as the SiO in deter-
mining stellar line-of-sight velocities, we found that the CS
line primarily identifies young stellar objects inadvertently
included in our sample through the infrared color selection,
rather than tracing the evolved stars constituting the bulk of
our sample (Section 4.1). Hence, the CS line is not an ef-
fective tracer of an AGB population and AGB stellar veloc-
ities. Second, for the SiO detections we examined whether
individual SiO transitions provide comparable stellar line-of-
sight velocities, and found that any SiO transition is suitable
for determining a stellar AGB line-of-sight velocity (Section
4.2).
4.1. The CS population
The IRAS 60µm/25µm versus 25µm/12µm two-color dia-
gram (van der Veen & Habing 1988) discriminates between
oxygen- and carbon-rich stars. This is made possible due to
the longer wavelength, 60µm band, with oxygen-rich stars
tending to lie on the "evolutionary sequence" while carbon-
rich stars do not. A degeneracy appears when mapping IRAS
2CD regions to the MSX 2CD, where the longest wavelength
MSX band is centered at 21.34µm. Thus, MSX color selec-
tions likely include a number of carbon-rich sources, some of
which possibly could be detectable in the CS line similar to
observations of IRC+10216 (Henkel et al. 1985).
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Figure 2. Example spectra from SiO maser sources in the ALMA BAaDE sample. In the top panels, the dotted line across the top of the
figures indicate where the emission would be if the source were moving at 0 km s−1 in the LSRK frame. The gray lines indicate where the
emission should be based on the derived velocities of the detected lines. From left to right, the gray lines indicate SiO v=2, 29SiO v=0, SiO v=1,
H13CN v=0, H13CO+, SiO v=0 and CS. The bottom panels are zoomed in to better identify weaker lines. The gray regions in the bottom panels
represent a ±50 km s−1 region surrounding the region where emission should be based on the velocity derived from the detected lines. More
spectra are available at the BAaDE survey’s website www.phys.unm.edu/∼baade.
Table 5. Nearby continuum sources
Distance from 2MASS Emission Position Possible Distance from
BAaDE Associated Position R.A. Decl. Continuum Emission Possible Emission Association
Field (′′) (J2000) (J2000) Association Classification (′′)
ad3a-22732 43 16:09:52.64 −51:54:55.1 EGO G330.95–0.18 Outflow candidate (Cyganowski et al. 2008) 1.1
ad3a-26074 31 17:19:58.94 −38:58:15.1 G348.6972–01.0263 1 YSO candidate (Mottram et al. 2007) 0.4
ad3a-26913 34 17:20:53.47 −35:47:01.9 NGC 6334F (C) HII region (Bronfman et al. 1996) 0.7
ad3a-26771 39 17:25:25.22 −36:12:46.0 GAL 351.58–00.35 HII region (Bronfman et al. 1996) 0.2
NOTE— The second column is the distance between the emission and the 2MASS position for the BAaDE source. Possible associations with the emission location
were found using the SIMBAD astronomical database (Wenger et al. 2000). The last column indicates the distance between the emission position and the possible
association.
Even though our infrared criterion primarily selects Mira-
like AGB stars, it does not deselect for, e.g., supergiants and
YSOs. Separating these populations from the AGB popula-
tion is important, as they are likely associated with different
kinematical structures.
4.1.1. Color distribution
MSX color selections that include the longer MSX wave-
length band [E] (21.3µm) separate the majority of sources
with CS emission from those with SiO emission. The left
panel of Figure 6 shows the distributions of SiO and CS de-
tections as a function of MSX [D]− [E]. The [D]− [E] color
selection provides the greatest distinction between these two
populations, a separation that is also apparent in the sources
without detections. Fitting the SiO maser and CS emission
populations to individual Gaussian probability distributions
with the fitdistr function (contained in the MASS R pack-
age, see Venables & Ripley 2002), the mean and standard
deviations of the SiO emission distribution in [D] − [E] are
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Figure 3. Venn diagrams for ALMA BAaDE sources separated into
SiO maser line detections (top) and carbon line detections (bottom).
All but one of the sources with SiO maser emission had SiO v=1
emission. CS emission was present for all sources with H13CN or
H13CO+ emission.
0.691± 0.013 and 0.264± 0.009 magnitudes, respectively.
Similarly, the mean and standard deviations of the Gaussian
distribution fit to the CS emission distribution in [D]− [E] are
1.84±0.10 and 0.70±0.07 magnitudes, respectively. Thus,
the full distribution moves from being dominated by an SiO
emission population to a CS population at [D]− [E] = 1.38.
For sources with reliable MSX [E], the right panel of Fig-
ure 6 shows the number distribution for the full BAaDE sam-
ple, including detections, non-detections, and sources not yet
observed. This figure indicates that the full sample shares
this bimodal distribution using MSX [D]− [E], and the ma-
jority of CS emitters are likely found in redder color sources
than those typically harboring SiO masers.
Ortiz et al. (2005) and Lumsden et al. (2002) suggest that
the carbon stars should be found in the bluest MSX regions
(i.e. [D] − [E] / 1), while the reddest MSX regions cor-
responds to PNe, YSOs, and compact HII regions. Since
nearby PNe and YSOs should show extended line emission,
imaging was performed, as described in the next section, to
aid in understanding the CS population. Table 4 lists a 4%
detection rate of CS in the observed BAaDE ALMA sample,
compared to 6% of the entire BAaDE population residing in
the [D]− [E]> 1.38 color region. However, limiting the color
selection to [D] − [E] > 1.38 yields a 45% detection rate of
CS emission.
Although the color selections using MSX E are the most
useful for separating the CS and SiO detection distributions,
fewer than 50% of BAaDE targets were reliably detected
in MSX E, which greatly limits its use. Out of the 28,062
sources in the BAaDE survey, only 13,120 sources have re-
liable MSX [E] detections, thus MSX color comparisons us-
ing MSX [E] cannot be applied to the entire survey popula-
tion. Additionally, only 1,600 sources, or less than 6% of
the entire sample, are in the [D] − [E] > 1.38 region. Fu-
ture work will explore using cross-matching with other mis-
sions (e.g. IRAS, Gaia, 2MASS, AKARI, DENIS, Her-
schel/PACS, GLIMPSE, MIPSGAL, and WISE) to improve
the color data for the full BAaDE sample.
4.1.2. CS line images
8 M.C. STROH ET AL.
Figure 4. Top, middle and bottom: SiO v=1 maser detections, CS detections and non-detections, respectively, from the ALMA BAaDE sample.
The background, small gray dots represent all BAaDE targets including those still to be observed; however, the dots to the left of the −35◦
declination dashed line have been observed as part of the VLA BAaDE campaign and will be discussed in a separate paper. No CS detections
are found in the observations near l = −25◦. Note that some gaps in the top-panel are due to samples that have yet to be observed.
Figure 5. Integrated continuum emission (moment 0) of the contin-
uum emission in spectral window 1 (see Table 1) for the four fields
with bright continuum sources. The circle represents a 30′′ distance
from the 2MASS-associated BAaDE position (the center of each
field). In each case, no line emission was found in any observed
spectral window within ≈ 30′′ of the 2MASS-associated BAaDE
position, thus these fields are treated as non-detections.
THE BAADE SURVEY AT 86 GHZ USING ALMA 9
Figure 6. Left: Zero-magnitude corrected MSX [D] − [E] color distributions for ALMA BAaDE sources in this sample. The outlined bins
represent sources with 86 GHz SiO v=1 and/or v=2 emission, while gray bins represent sources with CS emission. Separate single Gaussian
distribution fits to the SiO v=1 & 2 and CS distributions are over-plotted. The vertical gray dashed line at [D]− [E] = 1.38 indicates where the
overall distribution apparently changes from being dominated by SiO to CS sources. Middle: Zero-magnitude corrected MSX [D]− [E] color
distribution for sources with no emission. A two-component Gaussian fit to the non-detection distribution is over-plotted. The two-component
Gaussian fit was calculated using the mclust (Scrucca et al. 2016) R module. Right: Zero-magnitude corrected MSX [D]− [E] color distribution
for the full subset of BAaDE sources with reliable MSX E-band data, where a similar bimodal distribution is found. The solid lines represents
the best two Gaussian model fit to the full BAaDE [D]− [E] color distribution using mclust.
10 M.C. STROH ET AL.
Figure 7. The integrated CS flux density for ALMA BAaDE fields with CS emission (Table 2). Darker colors correspond to brighter emission.
The flux density was integrated the FWZM of the CS emission. The white cross in the center of each image represents the position listed in
Table 2. When SiO emission was detected in 7 of the fields, it was found to be centered on the associated 2MASS BAaDE position (see Table
6 for details).
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Figure 8. Continued
12 M.C. STROH ET AL.
Figure 9. Continued
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Figure 10. Continued
14 M.C. STROH ET AL.
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Figure 11. Probability density for the two populations from the
BAaDE sample separated by [D] − [E] = 1.38. Sources with [D] −
[E] ≤ 1.38 are represented in the foreground outlined bins, and
sources with [D] − [E] > 1.38 are represented by the background
gray bins. The redder color sources, with larger [D]− [E], are clus-
tered closer to the Galactic plane than the bluer color sample. This
suggests the [D]− [E] > 1.38 population belongs to a younger stel-
lar population that hasn’t kinematically relaxed from the Galactic
plane.
All fields with CS emission were imaged as described in
Section 3.2. Figures 7-10 show the structure of the CS emis-
sion for the 50 fields where it was detected. Table 6 describes
the spatial structure of the CS emission and the additional
lines in our observing setup, as well as potential known asso-
ciations. The majority of fields show extended CS emission,
thus arguing against unresolved carbon-rich stars or com-
pact HII regions dominating the population of CS emitters.
Coupled with the [D]− [E] separation, this is consistent with
the majority of the CS emitters not being regular AGB stars.
Consequently, the velocities derived from CS lines are, pri-
marily, not tracing the same stellar population as the one be-
ing sampled by SiO masers.
4.1.3. Galactic distribution
The SiO detection rates are constant across the limited
range of Galactic longitudes and latitudes observed so far
with ALMA. Across Galactic latitudes, the CS detection rate
increases significantly in the region within a couple of de-
grees of the Galactic plane. As noted above, the majority
of CS-detected sources is characterized by [D]− [E] > 1.38.
Figure 11 shows the pronounced increase in such sources
with Galactic latitudes, |b|< 1◦, a distribution very different
than that of the [D]− [E]≤ 1.38, SiO-dominated population.
If the [D] − [E] ≤ 1.38 distribution in Figure 11 is repre-
sentative of late-type stars, then the tighter distribution of the
CS dominated, [D]− [E] > 1.38 distribution, combined with
the possible associations identified in Table 6, is likely trac-
ing a younger population, likely coupled to the star-forming
regions close to the Galactic plane.
4.1.4. Kinematic associations
The CS emission traces a much smaller overall veloc-
ity distribution than the velocities sampled by SiO, further
strengthening that the CS emission traces a dynamically
younger population that has not relaxed. Figure 12 displays
the average SiO and carbon-bearing molecule velocities from
Table 3 against Galactic longitude. The discussion of MSX
color relations in Section 4.1.1, the Galactic distributions of
these emitters in Section 4.1.3, and this l − v diagram sug-
gests that the CS emitters belong to specific dynamical struc-
tures.
For the fields spanning −15◦ < l < −5◦, the sources with
CS emission can be split into two kinematically distinct
groups with average velocities of −10.1± 1.3 km s−1, and
−77±5 km s−1. The first group could be associated with ei-
ther the Perseus or Sagittarius arms (Vallée 2017). The latter
group has velocities placing it between the 3 kpc arm and
Norma arm on an l −v diagram (Sanna et al. 2014; Reid et al.
2016). Vallée (2017) suggests sources with these velocities
could also be linked with the Perseus arm.
In the −32◦ < l < −28◦ region, the CS emitters have an
average velocity of −84±8 km s−1 and are likely associated
with the Norma arm (Vallée 2017). These CS emitters could
be used to constrain models of the spiral arms if the distances
from the Sun could be determined.
4.1.5. The [D]− [E]≤ 1.38 CS population
The vast majority of CS emitters have [D]− [E]> 1.38, but
the handful of CS emitters with [D]− [E]≤ 1.38 may not be
YSOs, and these may instead by carbon-rich stars. Figure
13 demonstrates that a [C] − [E] versus [D] − [E] two-color
diagram results in 8 sources with CS emission that cannot
be separated from the region where the SiO maser sources
reside. In order of increasing [D] − [E], ad3a-27052, ad3a-
26120, ad3a-27026, ad3a-25994, and ad3a-26862 are all CS
emitters with [D]− [E]≤ 0.97 and have confirmed stellar as-
sociations in the literature (see Table 6), and are thus likely
carbon-rich stars. The remaining 3 out of the 8 sources (ad3a-
22603, ad3a-22405 and ad3a-26358 in order of increasing
[D]− [E]) with CS emission in the [D]− [E]≤ 0.87 color re-
gion also show SiO maser emission, and may be S-type stars
which typically have similar oxygen and carbon abundances.
These three sources with both SiO maser emission and CS
emission are described in more detail below:
• Compact, unresolved SiO v=1 emission is detected
in ad3a-22603 centered on the 2MASS-associated
BAaDE position. The SiO v=1 line-peak velocity is
≈ −40 km s−1. CS emission spans the area between
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Figure 12. Galactic longitude−velocity (l − v) diagram for BAaDE ALMA observations from Cycles 2, 3 and 5. SiO maser derived velocities
are represented in blue in the top panel, while velocities derived from CS emitters are represented by red in the bottom panel. The velocities
are taken from the corresponding 〈v〉 columns in Table 3. Integrated CO emission intensity (Dame et al. 2001) are presented in black in both
panels. The SiO velocities are substantially more spread out than the CO velocity range.
the 2MASS associated BAaDE source position and the
location of 2MASS 16070878–5223206 (see Figure
7). The CS line-peak velocity is ≈ −60 km s−1.
• ad3a-22405 contains compact, unresolved SiO v=1
and v=2 emission centered on the 2MASS-associated
BAaDE position. The SiO v=1 and v=2 line-peak ve-
locities are ≈ −60 km s−1 and agree within 3 km s−1.
The CS emission is compact next to the BAaDE po-
sition, but also has a weaker emission tail extend-
ing away from the 2MASS associated BAaDE po-
sition (see Figure 7). The CS line-peak velocity is
≈ −40 km s−1, located next to the SiO maser emis-
sion. The CS linear extension has a line-peak velocity
of ≈ −38 km s−1. The SiO emission location is consis-
tent with IRAS 15585–5302.
• ad3a-26358 contains compact, and unresolved SiO
v=0 and v=1, which are co-located on the 2MASS-
associated BAaDE position. The velocities of the SiO
v=0 and v=1 line-peaks are ≈ 20 km s−1 and differ by
less than 3 km s−1. Extended CS and H13CN emission
surrounds the region containing the SiO lines. The ve-
locities of the carbon lines are ≈ 0 km s−1 and agree
within 2 km s−1. The 2MASS associated BAaDE lo-
cation is consistent with the known OH/IR star OH
349.39–0.01 (Caswell et al. 1981). OH 349.39–0.01
has a line-of-sight velocity of 25 km s−1 using the mean
of two OH 1612 MHz emission features separated by
26 km s−1 (Caswell et al. 1981). Thus the SiO velocity
is consistent with that derived from OH maser emis-
sion.
A more exhaustive treatment of the SiO and CS popula-
tions and their infrared colors can be found in M. Lewis et al.
(2019), in preparation.
4.2. The SiO maser line velocities
Since the primary aim of the BAaDE survey is to use stars
as point-mass velocity probes of the Galactic gravitational
potential, it is important to ensure that no biases exist in
the derived line-of-sight velocities. Possible biases may be
tested, in particular whether there are any systematic shifts
in the velocity derived between the different SiO transitions.
For instance, in Section 4.1.5 for the sources with both SiO
maser and thermal CS emission, the line-peak velocities dif-
fer by ≈ 20 km s−1. Since the CS emission in these sources
may trace outflows while the SiO traces the velocity of the
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Figure 13. Zero-magnitude corrected MSX [C] − [E] versus [D] −
[E] two-color diagram for the observed ALMA BAaDE sources.
Sources with SiO v=1 and/or v=2 emission are represented by gray
dots. Non-detected sources are represented by black dots. The red
diamonds represent sources with CS detections. The gray dashed
line represents the [D]− [E] = 1.38 transition between the SiO and
CS dominated distributions. The additional [C]− [E] selection helps
remove known YSOs such as ad3a-26186 from the SiO maser domi-
nated distribution. See Table 6 for information on individual sources
with CS emission.
central stellar source, the velocity from SiO line-peaks are
more accurate probes of the AGB systemic velocity.
Figure 14 shows the distributions of velocity differences of
the SiO lines relative to the SiO v=1 velocity. The Wilcoxon
signed-rank test (Wilcoxon 1945) was used to test whether
the line-peak velocities differed by more than our channel
resolution. At a 99% significance level, there is no evidence
of a systematic red- or blue-shift of any other line-peak ve-
locity with respect to the SiO v=1 line, within our channel
widths. For the distributions in Figure 14, the standard de-
viations are 4.6±0.3, 3.6±0.3 and 3.4±0.3 km s−1 for the
v(SiO v = 0)−v(SiO v = 1), v(29SiO v = 0)−v(SiO v = 1), and
v(SiO v = 2)−v(SiO v = 1) distributions, respectively.
In the context of how accurately the SiO line-peak veloc-
ity is tracing the stellar velocity, it is useful to consider the
full-linewidth at zero maximum (FWZM), which yields in-
formation about the total velocity spread of the SiO emis-
sion (within the sensitivity of the observations). A FWZM
is calculated using the channels surrounding the line-peak
that have emission with SNR above 5σ. Figure 15 displays
the SiO v=1 emission FWZM distribution, and the best-fit
gamma distribution to the observed distribution suggests that
for 90% of the sources with SiO v=1 emission, the emission
is limited to a velocity range of 13 km s−1. This emission
extent is consistent with the 12 km s−1 emission range of the
SiO v=1 line suggested by the collisional pumping model of
Humphreys et al. (2002), and the 15 km s−1 range observed
by Nyman & Olofsson (1986).
In a study of semiregular variables (SR), McIntosh & In-
dermuehle (2015) found a linear relationship between the
FWZM of the 43 and 86 GHz SiO v=1 maser transitions, and
stellar period. The SR class contains 1) Late-type AGB
stars with V-band magnitude variations of less than 2.5
magnitudes, 2) AGB stars with irregular periodicity, and 3)
late-type supergiants. The International Variable Star Index
(VSX, Watson et al. 2006) contains periods for 61 sources
with SiO v=1 maser emission in our observed ALMA sam-
ple. The Spearman correlation test finds no correlation be-
tween FWZM and VSX periods with a p-value of 0.17, thus
the McIntosh & Indermuehle (2015) relationship may not
extend to Miras (typical BAaDE sources), and may point
to different physical conditions for these two populations.
The long-period sample of McIntosh & Indermuehle (2015)
consists of supergiants, which follow a completely different
evolutionary sequence from the AGB stars dominating our
sample. All giant semiregulars in McIntosh & Indermuehle
(2015) show a nearly flat FWZM to period relationship, and
their FWZM-period trend is driven by the supergiants in their
sample which had higher periods and FWZM than the rest
of the sample. Thus, the absence of a correlation between
FWZM and period in this AGB-dominated sample is consis-
tent with the giant population in McIntosh & Indermuehle
(2015).
The FWZM for the SiO v=1 line represents a much larger
distribution than the velocity differences in Figure 14. Thus,
the line-peak SiO velocities derived from separate SiO transi-
tions are consistent with the FWZM of the SiO v=1 emission.
The average of the SiO velocities presented in Table 3 repre-
sent reliable LSRK line-of-sight velocites.
The large tail in the FWZM distribution may be due to red
supergiants within our source population. McIntosh & In-
dermuehle (2015) suggest that the SiO maser linewidths for
supergiants stars are much larger than those found for AGB
variable stars, with mean velocity widths from their fit to a
Weibull distribution near 20 km s−1. Herpin et al. (1998) and
Verheyen et al. (2012) found large SiO velocity profiles (i.e.
> 20 km s−1) in some supergiants in their samples. Further,
McIntosh & Indermuehle (2015) report a general trend of the
velocity widths of 43 GHz v=1 emission being larger than
that found for 86 GHz v=1 emission, thus a similar or even
larger tail in the FWZM distribution from the BAaDE VLA
sample may be expected.
4.2.1. Comparisons with other maser detections
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Table 7. BAaDE sources with previous SiO maser associations
BAaDE BAaDE velocity Association velocity Association
Source (km s−1) (km s−1) Name References
ad3a-26375 −173.8 −174.26 IRAS16541-3739 Izumiura et al. (1995a)
ad3a-26559 −32.4 −33.69 IRAS16560-3657 Izumiura et al. (1995a)
ad3a-27011 −49.7 −52.1 17100-3521 Deguchi et al. (2004)
ad3a-27036 56.9 59.65 17197-3517 Deguchi et al. (2004)
ad3a-26713 −47.6 −46.95 17232-3620 Deguchi et al. (2004)
ae3a-00563 −72.2 −68.9a 17239-3502 Deguchi et al. (2000)
ad3a-26439 −55.6 −57.8 17243-3724 Deguchi et al. (2000)
ad3a-26558 65.2 67.5 17303-3700 Deguchi et al. (2000)
ad3a-27089 1.1 −0.65 17331-3506 Deguchi et al. (2000)
ad3a-26207 −81.3 −80.03 IRAS17385-3825 Izumiura et al. (1995b)
ad3a-26534 −66.5 −67.83 IRAS17414-3706 Izumiura et al. (1995b)
ad3a-26522 −148.8 −149.12 IRAS17414-3709 Izumiura et al. (1995b)
ad3a-26478 63.8 64.21a IRAS17425-3718 Izumiura et al. (1995b)
ad3a-26755 −87.7 −86.095 IRAS17446-3614 Izumiura et al. (1995b)
ad3a-26889 −79.2 −78.26 IRAS17469-3550 Izumiura et al. (1995b)
NOTE— Unless otherwise indicated, the references listed recorded 43 GHz v=1 & 2 maser detections. The
listed associated velocity is the mean from the 43 GHz v=1 & 2 peak velocities.
a Only 43 GHz v=1 emission was previously detected by the reference, thus the listed velocity is from the
43 GHz v=1 peak.
Table 8. BAaDE sources with OH maser associations
BAaDE BAaDE velocity Association velocity Association
Source (km s−1) (km s−1) Name References
ad3a-22807 −56.5 −57.05 OH330.159+00.907 Sevenster et al. (1997b)
ad3a-26559 −32.4 −32.2 IRAS 16560-3657 te Lintel Hekkert et al. (1991)
ad3a-27123 −31.6 −31.6 OH350.749+02.898 Sevenster et al. (1997a)
ad3a-26025 −5.0 −7.4 OH347.589+00.106 Sevenster et al. (1997b)
ad3a-26235 30.6 30.55 OH348.375+00.572 Sevenster et al. (1997b)
ad3a-27011 −49.7 −49.7 OH350.836+02.106 Sevenster et al. (1997a)
ce3a-00362 −4.7 −6.65 OH349.180+00.203 Sevenster et al. (1997b)
ad3a-26358 22.7 24.75 OH349.404-00.028 Sevenster et al. (1997b)
ad3a-25408 0.0 −0.8 OH346.001-02.503 Sevenster et al. (1997b)
ad3a-27036 56.9 58.25 OH352.044+00.530 Sevenster et al. (1997a)
ad3a-26761 −76.1 −73.85 OH351.315-00.010 Sevenster et al. (1997a)
ce3a-00365 70.4 70.025a OH351.607+00.022, IRAS 17205-3556 Sevenster et al. (1997a), Deacon et al. (2004)
ce3a-00367 −12.7 −13.25 OH352.616-00.195 Sevenster et al. (1997a)
ad3a-26439 −55.6 −58.65a OH350.815-01.433, IRAS 17243-3724 Sevenster et al. (1997a), te Lintel Hekkert et al. (1991)
ad3a-26731 −68.2 −69.15 OH352.135-01.369 Sevenster et al. (1997a)
ad3a-26353 −14.6 −15.9 OH350.982-02.391 Sevenster et al. (1997a)
NOTE— The association velocities are calculated using the simple mean between the two OH maser peaks. Sources with only a single detected peak are not
included.
a The association velocity is calculated using the simple average of the two values reported in the literature.
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Figure 14. From left to right: histogram of v(SiO v = 0) − v(SiO v = 1), v(29SiO v = 0) − v(SiO v = 1), and v(SiO v = 2) − v(SiO v = 1). On
average, the SiO line-peak velocities are consistent within the channel widths. The velocity difference distributions are also consistent the SiO
v=1 emission velocity width distribution in Figure 15.
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Figure 15. Histogram of the full-width at zero maximum distribu-
tion for the SiO v=1 maser emission. The best-fit gamma distribu-
tion to the observed distribution with shape, α, and rate parameters,
β, of 2.3±0.10 and 0.328±0.016, respectively, was calculated us-
ing the fitdistr R package, and is indicated by the solid line. The
best-fit gamma distribution also suggests that for 90% of the SiO
v=1 emitters, the maser emission is limited to a 13 km s−1 velocity
range.
The velocities in Table 3 are consistent with the SiO and
OH maser velocities in the literature. A 4′′ search radius was
used to search for possible SiO and OH maser associations
in the extensive Database of Astronomical Maser Sources
(eDAMS, Nakashima et al. 2017). On average, the BAaDE
SiO maser velocities differ from the SiO and OH maser asso-
ciation velocities by −0.2 and 0.4 km s−1, respectively, which
are smaller than the channel widths (see Table 1). Table 7
lists the BAaDE sources with known SiO maser associations.
All OH maser associations with double peaked detections are
listed in Table 8.
5. CHARACTERISTICS OF THE SIO MASERS
This sample represents the largest SiO maser population
observed at 86 GHz using the same receivers and spec-
tral setup. Thus this partial ALMA BAaDE sample offers
a unique opportunity to unravel the nature of the pumping
mechanisms and environments that give rise to this emission.
In Section 5.1 we discuss the characteristics of the SiO v=1
emission. Section 5.2 briefly explores the simultaneous rela-
tive line strength of the thermal SiO v=0 line to that of the pri-
mary maser line in our sample, SiO v=1. Sections 5.3 and 5.4
consider both the detection rates and relative line strengths of
these lines and discuss these results in the context of current
pumping models.
In order to remain consistent with previous comparisons in
the literature, we have adopted the standard of placing the 86
GHz SiO v=1 line in the denominator and other SiO lines in
the numerator when considering line ratios. We will also use
logarithmic line ratios which are unbiased to the choice of
numerator when comparing two quantities.
5.1. The 86 GHz SiO v=1 maser line
Table 4 notes a 71.2% detection rate for SiO in the ALMA
BAaDE sample, but the detection rate jumps to 80% if lim-
iting source selection to [D] − [E] ≤ 1.38, with only a 2%
chance of SiO maser emission expected in the [D] − [E] >
1.38 color region. The non-detection rate in the [D]− [E] ≤
1.38 color region is likely dominated by source variability
and sensitivity; however, carbon-rich stars should also re-
side in this oxygen-rich region and were discussed in Sec-
tion 4.1.5. Stroh et al. (2018) re-detected 66 out of 86 (77%)
known BAaDE SiO maser sources at 86 GHz, and Pihlström
et al. (2018) re-detected 26 out of 33 (79%) known BAaDE
SiO maser sources at 43 GHz. Both detection rates are
consistent with an 80% random detection rate, and suggest
that source variability is the dominant contributor to the SiO
non-detection rate, and may indicate that at some point all
oxygen-rich BAaDE sources will easily show 86 GHz SiO
v=1 emission.
As discussed in Section 4.1.1, almost all SiO v=1 emitters
are found in the [D]− [E]≤ 1.38 color region. Similar MSX
color selections can be made in [A] − [E] and [C] − [E], al-
though [D]− [E] color is superior at separating the SiO v=1
and CS emitting populations. No other correlations are found
between SiO v=1 detection rates or emission strengths rela-
tive to the six MSX colors (e.g. [A]− [C], [A]− [D], [A]− [E],
[C]− [D], [C]− [E], and [D]− [E]).
5.2. The thermal 86 GHz SiO v=0 lines
SiO v=0 emission was detected in 87 sources with 83 of
the sources having SiO v=1 emission. The left panel of Fig-
ure 16, displays the distribution of line-peak ratios, plotted as
number versus log
[
S(SiO v=0)
S(SiO v=1)
]
, for sources where both SiO
v=0 and 1 were detected. On average, for sources in which
both lines are detected, the SiO v=0 emission is 5% as bright
as the SiO v=1 maser emission (see Table 9). The symme-
try in the source distribution and the absence of a secondary,
higher line-ratio component suggests that no significant SiO
v=0 maser sample is present, thus differentiating the 86 GHz
sample from the 43 GHz v=0 lines which sometimes indicate
maser emission (Boboltz et al. 2004; de Vicente et al. 2016).
No correlations between SiO v=0 detection rates or emission
strengths were found with respect to any MSX colors.
5.3. The 29SiO v=0 maser and a higher density regime
29SiO v=0 emission was detected in 75 sources, all of
which had detectable SiO v=1 emission. The distribution of
line ratios in the center panel of Figure 16 implies that on av-
erage, the 29SiO v=0 emission brightness will only be 9% of
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Figure 16. From left to right: histograms of log
[
S(SiO v=0)
S(SiO v=1)
]
, log
[
S(29SiO v=0)
S(SiO v=1)
]
and log
[
S(SiO v=2)
S(SiO v=1)
]
distributions, with all panels adopting a bin size
of 0.2. The black lines represent the maximum-likelihood regression to a Gaussian distribution using fitdistr (see Table 9). For comparison,
the dotted lines indicate the location of a Gaussian distribution with the same standard deviation but with mean of 0. SiO v=1 emission is, on
average, the strongest line. After SiO v=1, on average, the SiO v=2 emission is the strongest, and the SiO v=0 emission is the weakest. The fit
for each distribution is given in Table 9.
Table 9. 86 GHz log distributions
Log Distribution
Transition 〈SiO transition/v = 1〉 Mean Standard deviation
SiO v=0 (5.4± 0.5)× 10−2 −1.26± 0.04 0.35± 0.02
29SiO v=0 (9.1± 1.2)× 10−2 −1.0 ± 0.5 0.45± 0.04
SiO v=2 (2.3± 0.3)× 10−1 −0.64± 0.05 0.37± 0.04
NOTE— The second column expresses the relative brightness of the emission relative to the 86 GHz v=1 line based on the third column, thus the mean is the logarithm of the second
column. As an example, the SiO v=0 line is on average (5.4±0.5)×10−2 times as bright as the v=1 line when both lines are detected. The mean and standard deviations are calculated
from the logarithmic distributions in Figure 16. Using the Anderson–Darling normality test, at a 99% significance level, all logarithmic distributions are consistent with Gaussian
distributions.
the brightness of the SiO v=1 emission (see Table 9). A com-
parison between left and center panels of Figure 16 suggests
that at the same sensitivity, the detection rate of 29SiO v=0
should be higher than that of SiO v=0; however, the lower
detection rate is possibly due to the Milky Way 29SiO abun-
dance being about 6% of that of 28SiO (Monson et al. 2017),
or the 29SiO v=0 pumping is possibly less efficient than that
of SiO v=1.
As discussed in Section 4.1.1, the SiO v=1 emitters are
primarily found in the MSX color region defined by [D] −
[E] ≤ 1.38, thus sources with both SiO v=1 and 29SiO v=0
are found in this same color region. Within this color re-
gion, the sources with log
[
S(29SiO v=0)
S(SiO v=1)
]
> −0.55 all reside
in the [D] − [E] ≥ 0.68 color region which contains ≈ 50%
of all SiO v=1 emitters. Similarly, using any of the other
5 MSX colors, the log
[
S(29SiO v=0)
S(SiO v=1)
]
> −0.55 emitters reside
in color regions containing the reddest ≈ 50% of all SiO
v=1 emitters. The redder MSX color sub-regions, within
the [D] − [E] ≤ 1.38 color region, may indicate that higher
densities in the circumstellar envelope are more conducive to
29SiO v=0 emission. If so, we may expect to find a predomi-
nance of the brighter 29SiO v=0 emitters to be redder, which
was not observed. The 29SiO v=0 emission is not particularly
bright for sources with log
[
S(29SiO v=0)
S(SiO v=1)
]
> −0.55. Instead, this
may be explained by weaker SiO v=1 emission.
Assuming these are oxygen-rich stars, Desmurs et al.
(2014) suggest that at higher densities, the 86 GHz SiO
v=1 maser becomes quenched and the SiO v=3 emission
dominates at 86 GHz. Additionally, the 43 GHz v=1, 2
and 3 emission should all be very strong and detectable
at these higher densities. Thus observations of the redder
MSX regions at both 43 and 86 GHz could help determine
whether the 86 GHz SiO v=1 transition is being quenched,
and whether the 29SiO v=0 emission is relatively brighter in
those cases as a result. No other correlation is found between
log
[
S(29SiO v=0)
S(SiO v=1)
]
and any of the six possible MSX colors.
5.4. The 86 GHz SiO v=2 lines
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Of the observed SiO lines, the SiO v=2 has the lowest de-
tection rate. Only one source with SiO v=2 emission had no
v=1 emission. This instantaneous 4% detection rate (Table 4)
is consistent with the 4.7% detection rate of this transition by
Stroh et al. (2018), who sampled known SiO emitting sources
from the BAaDE survey.
The right panel of Figure 16 shows the distribution of line-
peak ratios, plotted as number versus log
[
S(SiO v=2)
S(SiO v=1)
]
. Table
9 indicates that the SiO v=2 emission is 23% as bright as the
SiO v=1 line when both SiO v=1 and v=2 emission are de-
tected. Even though log
[
S(SiO v=2)
S(SiO v=1)
]
is on average larger than
the other logarithmic line ratios discussed above, SiO v=2
has the lowest detection rate. Bujarrabal et al. (1996) pro-
posed that strong 86 GHz SiO v=2 maser emission is associ-
ated with S-type stars, if so, then the majority of our sources
where the 86 GHz SiO v=2 transition was not detected are
likely associated with Mira-type oxygen-rich stars. The
anomalous weakness in the 86 GHz SiO v=2 line strength
has been observed since the 1970s and an explanation for
it was first proposed by Olofsson et al. (1981), who noted
the proximity between the 8µm transitions of v=1–2 J=0–
1 SiO (Geballe & Townes 1974) and v=0–1 J=127,5–116,6
para-H2O transition (Benedict et al. 1952). Thus H2O emis-
sion transfers energy into the SiO v=2 J=1 state, and the rela-
tive overpopulation in the SiO v=2 J=2 state is removed. All
of the sources with SiO v=2 emission may be S-type stars,
where the effect of the H2O line overlap is minimized and
thus where strong SiO v=2 emission is possible.
The radiative modeling of Desmurs et al. (2014) suggests
that S(SiO v=2)S(SiO v=1) may trace the density in the circumstellar en-
velope with SiO v=1, 2, & 3 maser emission peaking at suc-
cessively higher densities. The denser circumstellar shells
are found in the redder MSX color-color regions and may
include the densities required for the brighter SiO v=2 emis-
sion. The small sample size and narrow MSX color range
may explain the lack of correlation found between these line
ratios and MSX colors. Alternatively, since these sources are
variable, density changes throughout the stellar cycle could
alter the line ratios. In this case, the S(SiO v=2)S(SiO v=1) should be maxi-
mized during time periods of higher densities in the pulsating
circumstellar envelope. Completing the full ALMA BAaDE
survey can lead to a more thorough understanding of the cir-
cumstellar densities in this sample.
6. SUMMARY
The BAaDE survey utilizes ALMA observations of 86
GHz SiO masers to trace stellar line-of-sight velocities in re-
gions that the VLA cannot observe, more specifically the far
side of the Galactic bulge. Since no statistically significant
bias is found between the line-peak velocities of the 86 GHz
SiO v=0, 1 & 2 and 29SiO v=0 lines, if only one SiO line
is detected (almost always the SiO v=1 line), its line-peak
velocity should be sufficient as a qualitative stellar line-of-
sight velocity probe. SiO v=1 emission is detected in 71% of
sources in the survey and is detected in the vast majority of
sources with other SiO line detections.
The observed SiO v=1 emission is likely made-up of mul-
tiple separate masing regions in the circumstellar envelope.
We find that the SiO v=1 emission indicates that in 90% of
the cases, the SiO emission is found within a velocity range
of 13 km s−1 around the anticipated stellar velocity.
The CS J = 2−1 line at 98 GHz was also observed, and was
detected in less than 4% of the observed sources. A demarca-
tion can be made between the majority of SiO sources resid-
ing in color regions with MSX [D]− [E]≤ 1.38 and CS emit-
ters dominating the color population with [D] − [E] > 1.38.
CS emission is found in approximately 45% of the sources
with [D]− [E]> 1.38, while the detection rate for SiO v=1 in
the [D]− [E] ≤ 1.38 region is approximately 80%. There is
evidence that the CS emission is predominantly detected in
a different population than late-type stars. In particular, we
find the following:
1. The majority of CS emitters are found in the MSX
color region defined by [D]− [E] > 1.38. Conversely,
all SiO masers are found in the [D]− [E] ≤ 1.38 color
region. Additionally, Ortiz et al. (2005) and Lumsden
et al. (2002) have suggested that carbon-stars should
reside in the [D] − [E] . 1 region, and the redder.
[D]− [E] & 1, color regions are more likely to contain
YSOs, PNe and compact HII regions. Thus the CS
emitters in the [D]− [E] > 1.38 color regions may not
be associated with late-type stars.
2. The CS emission is largely extended, thus the majority
are likely not associated with compact HII regions. 10
of the CS emitters may be associated with YSOs (Table
6).
3. The MSX point source catalog covered the full Galac-
tic plane with |b| < 5◦, but the [D] − [E] > 1.38 pop-
ulation is mostly found in |b| < 1◦. This strengthens
the suggestion that the [D] − [E] > 1.38 population is
young and may be coupled to the star-forming regions
close to the Galactic plane.
4. The l − v diagrams (Figure 12) show that the sources
with carbon-bearing molecular transitions may be tied
to specific dynamical structures. The locations of
sources with carbon-bearing molecular transitions in
the l − v diagrams are consistent with the locations of
spiral arms (Sanna et al. 2014; Reid et al. 2016; Vallée
2017).
Thus the CS emission may be tied to YSOs, but we cannot
completely rule out PNe. Since CS emission may be associ-
ated with outflows of a different population, the SiO maser
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emission is a superior velocity tracer of the evolved stellar
population.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2013.1.01180.S,
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ASIAA (Taiwan), and KASI (Republic of Korea), in co-
operation with the Republic of Chile. The Joint ALMA
Observatory is operated by ESO, AUI/NRAO and NAOJ.
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